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Abstract

A simplified spiraled model of the human cochlea is developed from a cross sectional photograph. The potential distribution
within this model cochlea is calculated with the finite element technique for an active scala tympani implant. The method in the
companion article [Rattay et al., 2001] allows for simulation of the excitation process of selected elements of the cochlear nerve. The
bony boundary has an insulating influence along every nerve fiber which shifts the stimulation condition from that of a
homogeneous extracellular medium towards constant field stimulation: for a target neuron which is stimulated by a ring electrode
positioned just below the peripheral end of the fiber the extracellular voltage profile is rather linear. About half of the cochlear
neurons of a completely innervated cochlea are excited with monopolar stimulation at three-fold threshold intensity, whereas bipolar
and especially quadrupolar stimulation focuses the excited region even for stronger stimuli. In contrast to single fiber experiments
with cats, the long peripheral processes in human cochlear neurons cause first excitation in the periphery and, consequently, neurons
with lost dendrite need higher stimuli. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

A model for the electrically stimulated human cochle-
ar neuron was presented in the companion article (Rat-
tay et al., 2001). This investigation demonstrated that
the simulation of the single ¢ber excitation process
needs the extracellular potential along the neuron as
input data. In the following, a simpli¢ed spiraled
three-dimensional (3D) structure based on human ge-
ometry is evaluated with a ¢nite element program. The
calculated potential distribution can be used to study
the stimulating in£uence of an arbitrary electrode con-
¢guration on a target ¢ber.

Relations between electrode locations, stimulus cur-
rent and excitation pattern have been investigated both
in experiments and theory since the early days of co-

chlear implant development (e.g. Spelman et al., 1980;
Black et al., 1981; Loeb et al., 1983). Due to the com-
plex cochlear structure, the spiraled form was not con-
sidered in most of the modeling work.

Resistance networks introduced by von Bëkësy (1951)
as transmission line models, have been used to calculate
the voltage as a function of the distance from the co-
chlea base in one of the conducting media, e.g. in the
scala tympani. Such models are of value in the estima-
tion of the current interactions for multi-channel appli-
cations (Strelio¡, 1973; Jolly et al., 1996; Kral et al.,
1998). However, with this method the potentials along a
single neuron cannot be estimated with the resolution
necessary to simulate its individual excitation process.

Electric ¢elds along the cochlear neural pathways
were calculated with ¢nite elements for humans (Finley
et al., 1990), and with the boundary element method for
the guinea pig (Frijns et al., 1995, 1996). Finley et al.
(1990) used a 5.2 mm long section of the uncoiled co-
chlea, parted it into 12 layers with a higher resolution in
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the center, and calculated the potential distribution and
activating functions in the nodes for seven target neu-
rons stimulated by di¡erent types of electrodes. Short-
comings of the activating function as used in their in-
vestigation are that the former version predicts the
excitation for long ¢bers of constant diameters, bound-
ary conditions are not considered and constant interno-
dal lengths for myelinated ¢bers are assumed (Rattay,
1986). Frijns et al. (1995, 1996) simulated the course of
the potentials along 95 ¢bers in a rotationally symmet-
ric cochlea model for bipolar current sources. They cal-
culated neural recruitment characteristics for di¡erent
electrode positions, as well as the in£uence of losing
the peripheral axon by degeneration.

The ¢rst results on the electric ¢eld in a rotationally
symmetric model of the human cochlea were obtained
with the ¢nite element method (Schmidt et al., 1998).
The geometry was based on a photograph of a mid-
modiolus cross section of the cochlea (Fig. 1). Two-
dimensional (2D) or even 3D models with rotational
symmetry need essentially less computational e¡ort
than the spiraled 3D versions. Therefore, the present
investigations spared elements by introducing compart-
ments to more simply approximate the cross section
compared to our rotationally symmetric model.

Three types of scala tympani electrodes are investi-
gated in this article: (i) monopolar (the return electrode

is outside of the cochlea; since the ground electrode is
far from the target neuron, the stimulating ¢eld is es-
sentially that of the mono-pole, the return electrode
assumed at in¢nity), (ii) bipolar (two channels, sepa-
rated by 30³) and (iii) quadrupolar (e¡ectively a sym-
metric tripolar con¢guration, where the outer poles are
half the inverse polarity value of the center electrode, a
quadrupole is equivalent to the sum of two dipoles).
The electric ¢eld is evaluated along 18 representative
neural pathways, equally distributed by 30³ separation
within 1.5 cochlear turns. The excitation process of tar-
get neurons with long, short and degenerated (lost) pe-
ripheral axon is analyzed for monophasic and biphasic
rectangular 100 Ws pulses. Monophasic pulses are in-
structive to understand the relation between the electric
¢eld and the excitation process, but to avoid dangerous
charge accumulation biphasic signals are used in all
medical applications of functional electrical nerve stim-
ulation. All simulations are calculated with 100 Ws pulse
duration per phase.

The temporal information in the spiking pattern of
the auditory nerve is an important component for
speech understanding (Ghitza, 1994; Rattay and Lut-
ter, 1997). In contrast to most other modeling work our
simulations are therefore not restricted to the neural
recruitment order but investigations on the delay times
in the target neurons are included.

Fig. 1. Microphotograph of a midmodiolar horizontal section of a human cochlea.
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Analysis of the responses of cochlear neurons re-
quires a two step procedure: in the ¢rst step the extra-
cellular potential along every target neuron has to be
calculated. For a rough approach every electrode can
be modeled as a point-current source in a homogeneous
medium. With an average cochlear conductance of 300
6 cm we have obtained in the companion paper a very
simple method for calculating the extracellular potential
along a given neural pathway (Rattay et al., 2001, Eq.
4). As expected, the application of the ¢nite element
technique provides more accurate potentials for the ¢rst
step of the procedure, nevertheless we will see that some
of the voltage pro¢le characteristics are still the same.
In the second step we use the electric circuit model and
the activating function concept as introduced in the
companion paper (Rattay et al., 2001) for predicting
and comparing the excitation processes in 15 selected
target neurons.

The geometry of the `long dendrite' target neurons is
equal to the human `standard' cochlear neuron of the
companion paper (Rattay et al., 2000): the peripheral
axon (dendrite) has an unmyelinated 10 Wm long termi-
nal, ¢ve nodes of Ranvier and an axon diameter of
1 Wm. The soma has a spherical shape, is 30 Wm in
diameter, is covered by three layers of insulating mem-
branes and neighbored by unmyelinated pre- and post-
somatic compartments with lengths of 100 and 5 Wm,
respectively. The diameter of the central axon is 2 Wm.
The `short dendrite' neuron has three nodes of Ranvier.

2. A geometrically simpli¢ed model of the human cochlea

In order to calculate the electric ¢eld in the spiral
ganglion, the cochlea has to be segmented according
to the di¡erent speci¢c resistances in the main compart-
ments: bone, nerve tissue, perilymph, endolymph,
Reissner membrane, basilar membrane and organ of
Corti (Table 1).

First we planned to obtain a digitized form of the
spatial cochlear structures from a series of photographs
showing the structures at distances of 20 Wm. This
method turned out to be unmanageable because of
the following reasons: (i) it needs a high e¡ort in image

analyzing, e.g. at the border of bone and nerve tissue,
(ii) the geometry is unreliable in areas where the cutting
plane has a small angle with the surface of any com-
partment and (iii) in any case the enormous number of
key points has to be reduced drastically before con-
structing the ¢nite element geometry.

We decided to reconstruct the cochlear shape from a
single photograph (Fig. 1) of a midmodiolar cross sec-
tion from an averaged sized human cochlea. In a ¢rst
step the shapes of the compartments were nicely ap-

Table 1
Resistivities for the ¢nite element model

Region Resistivity (6 cm) Source: Finley et al. (1990)

Electrode 0.1
Perilymph 70
Endolymph 60
Bone 6400 adapted according to Kosterich et al. (1983)
Nerve tissue 300
Basilar membrane+organ of Corti 3000 adapted
Reissner membrane 10 000 adapted

Fig. 2. Simpli¢ed compartment geometry as used for the 3D ¢nite
element calculation. This is an approximation of regions with di¡er-
ent conductivities, based on the central cross section of Fig. 1. The
gray area marks a cube of bone that contains the cochlea. ST: scala
tympani, where the electrode EL is inserted; BM+OC: a single
compartment represents basilar membrane and organ of Corti; SM:
scala media; RM: Reissner membrane is modeled as a plate, essen-
tially thicker as in reality, but with reduced conductivity; SV: scala
vestibuli; RC: Rosenthal canal. Four of the representative neural
pathways (N1^N19) are within the cross section area, the positions
of their cell bodies are shown as ¢lled circles for peripheral axons
of standard length (denoted as `long dendrite') as well as for cases
with short peripheral axon (cell bodies within Rosenthal canal,
white circles).

HEARES 3624 15-2-01

F. Rattay et al. / Hearing Research 153 (2001) 64^7966



proximated by polygons with a huge number of key
points. These polygons were used for our 2D ¢nite el-
ement solutions with MATLAB software and for a ¢rst
3D ¢nite element investigation with rotational symmet-
ric cochlear shape using ANSYS software (Schmidt et
al., 1998). In a second step the number of key points for
the polygons in the cross section were essentially re-
duced (Fig. 2), e.g. the borderline of scala tympani
just has seven corners. This borderline changes shape
when the scala tympani crosses the central plane for
every half turn, but the number of key points stays at
a constant value of 7. This means, for example, that key
point 3 can be followed on its way from the base to the
upper part of the cochlea. For every key point we sim-
ulated the spiraled pathway by straight lines that
change direction every 30³ of turning (Fig. 3). In
more detail, the coordinates of a group of ¢ve new
corner-points were calculated by linear interpolation
of the radius and z-values of those two corresponding
key points of the cross section picture which are the
closest neighbors. The same `spiral method' was applied

to de¢ne the outer part of the spiral ganglion. This
spiraled outer part was intersected with a rotational
symmetric core of neural tissue consisting, in order, of
a cylinder at the base, two conical segments, a cylinder
and a cone at the top (Figs. 2 and 3). Special evalua-
tions for the excitation process were done for an ensem-
ble of cochlear neurons within the nerve tissue compart-
ment which was constructed by the `spiral method' as
described above.

3. Calculation of the electric ¢eld

The cochlea is assumed to be embedded in a cube of
bone (Fig. 2). In Fig. 3 the bony compartment is trans-
parent, all other compartments are shaded according to
their speci¢c resistivities. The situation in the highest
cochlear turn is simpli¢ed at the boundary end of the
spiraled structure, but the scala tympani and scala ves-
tibuli are connected to mimic the electrical short circuit
of the real situation at the helicotrema. Furthermore,
current £ow into the very ¢rst part at the basal cochlear
end is neglected by starting the spiraled structure at the

Fig. 3. 3D view of the simpli¢ed cochlea geometry. The polygons of
Fig. 2 are linearly interpolated along a spiraled line that makes a
corner for every 30³ of turning. The gray tone intensity is propor-
tional to the resistivities of the compartments (compare Table 1).
The dark regions mark the Reissner membrane and the combined
compartment that includes the organ of Corti and the basilar mem-
brane. A transparent cube shows the border of the ¢nite element ge-
ometry. The bone compartments within the cochlea are also trans-
parent. The dashed lines mark the central plane shown in Figs. 1
and 2.

Fig. 4. Calculated equipotential lines in the central area of the hu-
man cochlea. The electric ¢eld results from a scala tympani elec-
trode that appears as a circle in the left side of the picture. The po-
tential at this ring electrode is 1 (arbitrary) unit, e.g. 1 V; the
equipotential lines are shown in steps of 1%. The shape of the dif-
ferent compartments can be recognized by breaks in the lines or by
narrow spacing (dark areas around the electrode marks the bony
structures, the basilar membrane and organ of Corti compartment
as well as the Reissner membrane). In some regions the equipoten-
tial lines are missed which is a shortcoming of this display; elements
which are not entirely within a thin central slice are not displayed,
their isopotentials are omitted.
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ing also in neurons 9, 10 and 182. The fact that three-
fold threshold currents excite most of the cochlear neu-
rons holds also for other cases of monopolar stimula-
tion (Fig. 11D; Table 2). In contrast, bipolar and espe-
cially quadrupolar stimulation focuses the population
of excited ¢bers even for strong stimuli (Fig. 11). Di¡er-
ent possible points of spike generation as predicted by
the activating function (Fig. 10; Table 2) cause the
travelling spikes to be at di¡erent locations along their
way to the central nervous system (CNS; Fig. 11). With
a velocity of 14 m/s in the central axon as predicted by
the model, the spike arrival times vary between 47 and
410 Ws3 (Fig. 11). In the monopolar case of Fig. 11D,
four of nine spikes are initiated in the central axon
whereas, for example, for the bipolar stimulation (Fig.
11E) this relation is ¢ve of six spikes.

Threshold voltages of `short dendrite' and `long den-
drite' target neurons are listed in Table 2 for monopolar
stimulation. Spike initiation is marked by the node
which develops the action potential most quickly.
When stimulated monophasically with negative voltage,
neurons 6, 7 and 8 develop their responses at P0 with

similar thresholds for the short and long dendrite case
(column 2). At changed polarity the activation of node
P2 is hindered because both neighbors P1 and P3 have
strong negative activating function values (Figs. 6A and
10D) and spikes are initiated in the central axon. The
`long dendrite' neuron 7 gets a rather high positive val-
ue of the activating function f at the internode between
C2 and C3 (Fig. 6A), with small values of f at C2 and
C3. This explains why neuron 7 needs a 7.9 times higher
voltage for anodic (compared to cathodic) stimulation
and, in spite of the fact that neuron 7 is closest to the
electrode, it has the highest anodic threshold value of
all the target neurons. The central axon of `short den-
drite' neurons in the vicinity of neuron 7 is closer to the
electrode and therefore these neurons are essentially
easier to stimulate with anodic pulses when compared
with the corresponding `long dendrite' cases. `Short
dendrite' neurons 1^6 and 8^12 have a smaller thresh-
old for anodic than for cathodic stimulation.

The activating function is related to the second de-
rivative of the extracellular voltage Ve along the axon
(Rattay, 1990), and therefore the direction and value of
the curvature of Ve is associated with the sign and value
of f, respectively4. The systematic change of the shape
of the extracellular voltage Ve in Fig. 9 causes the neg-
ative P3 peak of f in neuron 7 (Fig. 6A) to be shifted

Table 2
Thresholds of electrode voltage (mV) for cathodic and anodic monophasic pulses as well as for biphasic pulses

Neuron Monophasic (3) Monophasic (+) Biphasic (3/+) Biphasic (+/3)

threshold node # threshold node # threshold node # threshold node #

1 940 (1400) C1 (P4) 740 (760) P0 (P0) 1080 (1120) C3 (P0) 1000 (1020) P0 (P0)
2 1100 (1300) C1 (P4) 1040 (1040) P0 (P0) 1240 (1560) C4 (P0) 1280 (1380) C2 (P0)
3 1700 (1240) C1 (P4) 1260 (1200) C4 (C3) 1700 (1620) C4 (P5) 1500 (1540) C2 (C3)
4 1940 (1100) P3 (P4) 920 (1320) C3 (C2) 1700 (2500) C4 (P4) 1220 (1320) C4 (C3)
5 1220 (900) P3 (P3) 800 (1140) C4 (C2) 1440 (1180) C2 (P3) 1080 (1480) C4 (C2)
6 760 (730) P0 (P0) 700 (1640) C3 (C3) 1100 (1120) C3 (P0) 920 (2000) C3 (P0)
7 330 (330) P0 (P0) 640 (2600) C3 (C3) 460 (480) P0 (P0) 660 (620) P0 (P0)
8 700 (620) P0 (P0) 660 (1560) C3 (C2) 900 (900) P0 (P0) 860 (1320) C3 (P0)
9 1400 (1020) P0 (P3) 700 (1100) C0 (C3) 1200 (1360) C3 (P2) 940 (1400) C3 (C3)
10 2200 (1000) P4 (P4) 700 (760) C0 (C3) 1360 (1280) C4 (P4) 900 (1000) C4 (C4)
11 2400 (940) P4 (P4) 900 (960) C5 (C3) 1800 (1220) C4 (P4) 1220 (1260) C4 (C3)
12 1240 (920) C1 (P5) 1220 (1100) C5 (C4) 1360 (1160) C4 (P5) 1350 (1440) C2 (C3)
13 740 (860) C1 (P5) 1300 (1060) P0 (C4) 840 (1060) C3 (P5) 880 (1300) C1 (P5)
14 600 (840) C3 (P5) 1200 (980) P0 (C3) 700 (1040) C4 (P5) 740 (1240) C2 (P5)
15 520 (840) C2 (P5) 1100 (900) P0 (C3) 620 (1020) C2 (P5) 640 (1200) C2 (C3)
16 460 (860) C2 (P5) 960 (860) P0 (C4) 540 (1040) C2 (P5) 580 (1160) C2 (C3)
17 420 (920) C2 (P5) 880 (880) P0 (C3) 500 (1100) C3 (P5) 540 (1160) C2 (C3)
18 400 (1040) C2 (P5) 860 (880) P0 (C3) 480 (1240) C2 (P5) 520 (1100) C2 (P0)

Node number de¢nes the node with the ¢rst complete action potential. Monopolar stimulation with 100 Ws pulses from an electrode below neu-
ron 7 (standard position). Long dendrite data in brackets.

2 Extrapolation of these data to all turns causes about 50% of nor-
mally innervated nerve population of the human cochlea to ¢re when
stimulated with three-fold threshold intensity.

3 Other e¡ects that in£uence the CNS arrival times are the degree of
polarization or hyperpolarization of nodes in the vicinity of the aris-
ing action potential and, not included in this simulation, variations in
axon diameter and £uctuations in membrane currents.

4 A m shaped curvature of Ve causes a positive f value; l results in
f6 0. This relation can be observed, for example, in Fig. 6B.
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closer to the soma and become more dominant for
cathodic stimulation when neuron number moves
from 7 in both directions (Fig. 10D). This e¡ect is
seen by a shift of spike initiation site from P0 to P3
and P4 for `long dendrite' neuron 5 and neurons 4^1 as

well as to P3, P4 and P5 for neuron 9, neurons 10 and
11 and neurons 12^18, respectively (Table 2, column 3,
values in brackets). The `short dendrite' neuron has
some di¤culties with the same shifting task, because
the corresponding regions are close to the soma barrier.

Fig. 11. Membrane voltages along neurons 3^15, 0.98 ms after stimulus onset. Stronger stimuli (3U threshold) activate most neurons for mo-
nopolar stimuli (A, D), fewer for bipolar electrodes (4U threshold; B, E) and fewest in the quadrupolar case (4U threshold; C, F). Action po-
tential positions di¡er up to 0.6 cm on their way to the CNS. Note the soma barrier e¡ect (Fig. 7) that causes a time delay and large voltage
steps in the soma region, e.g. in (E) neuron 9 spike starts to propagate into the central axon whereas the neuron 6 and 7 spikes have com-
pletely passed the soma region. Irregularities in spike shape are caused by di¡erent dynamics in node and internode compartments. Stimulation
with cathodic 100 Ws pulses (A^C) and biphasic 100 Ws+100 Ws pulses, negative pulse ¢rst, no delay between pulses (D^F); electrode positions
as in Fig. 10.
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P3 is the last node of Ranvier which has to support the
current consuming presomatic compartment, resulting
in a threshold of 31940 mV (double anodic threshold
value) for neuron 4, whereas the `long case' is easier to
stimulate with cathodic stimuli. The situation is even
more extreme for the `short dendrite' neurons 10 and

11 which are excited in the ¢rst of three unmyelinated
presomatic compartments (denoted as P4 in Table 2,
column 3, lines 10 and 11) and they need about three-
fold anodic intensity to generate spikes.

The range of excitation thresholds for biphasic pulses
is generally smaller when compared with monophasic

Fig. 12. Membrane voltages along degenerated neurons 3^15, 0.48 ms after stimulus onset. Compared with the excitation of healthy neurons
(Fig. 11) spiking of the central axon in the degenerated case is earlier, more synchronized and needs higher stimuli ; note, for example, the high
stimuli in (E) and (F) that cause only one of the 13 neurons to ¢re. Solely in the quadrupolar cases (C, F), neuron 7, which is closest to the
electrode, is easiest to stimulate and will be excited (Fig. 13). Threshold values (e.g. 3U threshold) are relative to the healthy neuron.
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stimulation. An interesting exception is the second high-
est value in Table 2: the neuron 4 threshold for (3/+)
biphasic stimulation is 2500 mV. Note, that 1400 mV
causes already a peripherally initiated spike, but by un-
favorable circumstances (hyperpolarized postsomatic
region) this spike is just blocked by the soma barrier.
All the threshold values in this article are calculated
without considering ion current £uctuations in the ac-
tive membranes. By including current £uctuations with
the standard noise value as introduced in Rattay et al.
(2001) we found spike propagation in the central axon
in eight of ten cases for 1400 mV biphasic stimulation
in neuron 4.

4.3. Excitation of degenerated neurons

In deaf people, the number of peripheral axons is
often drastically smaller than the number of central
axons. This implies the loss of the periphery in many
of the cochlear neurons (Felix et al., 1997). Excitability
of such degenerated neurons essentially depends on the
distance between electrode and soma.

Fig. 12 shows the excitation of degenerated neurons
at positions 3^15, stimulated with biphasic pulses. Gen-
erally these spikes will arrive earlier at the CNS since
they spare the travelling time in the periphery and the

soma barrier delay. The loss of the peripheral process
always causes maximum excitation of the ¢rst nodes of
the central axon and therefore there is little variance in
action potential positions and arrival times for the nor-
mal degenerated human cochlear neuron; compare, for
example, Figs. 11D and 12D. Long delays (350^400 Ws;
Rattay et al., 2001) resulting from crossing the soma
barrier cannot occur when the peripheral process is
lost. The activation of degenerated neurons needs high-
er stimulus currents because their excitable structures in
the central axon are rather far from the electrodes, par-
ticularly for the `long dendrite' neuron. However,
threshold di¡erences between a degenerated neuron
and its healthy neighbor decrease with the distance of
the neuron to the electrode. This fact can be analyzed
by comparing the activating function maximum values
of the peripheral and the central axon (Fig. 10). Fig. 13
displays the thresholds for monopolar stimulation of
healthy and degenerated neurons. The vicinity of neu-
ron 7 to the electrode is the basis for low thresholds for
excitation with biphasic pulses but the assumptions
about the pathway of its central axon paradoxically
causes maximum threshold values for the degenerated
case (Fig. 13). The excitability of neurons 3^5 and neu-
rons 9^15 is within a small range, even when degener-
ated neurons are included, because the excitation starts

Fig. 13. Thresholds of neurons 3^15 for stimulation with monopolar electrode. There is a threshold increase in the order of 6 dB when the
most excitable healthy neuron 7 is compared with the `30³ neighbor' neurons 6 and 8. Outside of this region the threshold^distance relation be-
comes £at and especially between the +/3 normal and +/3 degenerated cases there are minor di¡erences only. Note however the rendered exci-
tation of the degenerated neurons in the vicinity of location 7 which marks the position of the electrode.
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within the central axons and the extracellular potentials
along these ¢bers are rather similar (Figs. 9 and 13).

5. Discussion

The main task of this article is to present a rather
simple 3D model that takes into account the spiral
shape and the dimensions of the human cochlea. The
conductance values for the various compartments, the
size of the volume included in the model and the as-
sumptions about the boundary conditions have to be
chosen in a way that allows for analysis of the current
to distance relations relevant to arti¢cially evoked neu-
ral signals in cochlear implants5. The electrical tissue
properties within the living human cochlea are di¤cult
to evaluate and large di¡erences are found in the pub-
lished conductances, e.g. for bone (Suesserman and
Spelman, 1993; Kosterich et al., 1983). There exist
data from saline tank measurements and from animal
experiments that can be used in resistor networks in
order to ¢nd a ¢rst approach to the voltage distribution
generated by cochlear implants (Strelio¡, 1973; Jolly et
al., 1996; Kral et al., 1998). With such investigations
voltage pro¢les along the electrode carrier are found
but a small amount of modeling work deals with the
voltage pro¢le and the points of excitation along the
neural pathway.

In order to check the sensitivity of the model to the
assumptions, especially concerning the in£uence of the
electrical conductances, we have compared the pro-
posed results for neuron 7 with a 2D MATLAB ¢nite
element model evaluation. The 2D simulation corre-
sponds to a speci¢c case of a 3D geometry where the
cross section is moved along an in¢nite line perpendic-
ular to the plane of the cross section. The resulting
prismatic volume can be divided into identical slabs.
With the boundary conditions of our 3D model, but
assuming in the scala tympani a constant conducting
surface along the implant, no current £ow will be ob-
served between the slabs and, therefore, the 3D and 2D
solutions become identical with these assumptions. For
the pathway of the neuron which is closest to the elec-
trode, i.e. neuron 7, the 2D and the spiral 3D voltage
pro¢le are of similar shape (compare Fig. 14 with Figs.
6A and 9). However, in contrast to the spiral 3D model
the voltages in Fig. 14 are generally higher, because in

the 2D model electrode currents are not allowed to £ow
out of the cross section region.

Doubling separately the conductances of nerve tissue,
cochlear £uids, bone or that of the basilar membrane
and organ of Corti compartment does not essentially
in£uence the shape of the extracellular voltage along
the neural pathway (Fig. 14). Consequently, we assume
that the presented results represent a substantial contri-
bution for the simulation of the electrically stimulated
human cochlea, in spite of the fact that the conductivity
data are not fully reliable. As presented in Section 4, we
demonstrated that the low conductance of the bone
compartment is responsible for a nearly constant ¢eld
along the peripheral axon of neuron 7 (Figs. 4 and 6).
However, the rather linear voltage drop in the periph-
ery gets closer to the shape of the homogeneous me-
dium if the conductivity of bone is doubled (Fig. 14).
For our computations we used 80% of the resistivity
value reported by Kosterich et al. (1983) for £uid satu-
rated bone, but this resistance is still essentially higher
than suggested by Suesserman and Spelman (1993). In

Fig. 14. In£uence of conductance changes on voltage distribution
along neuron 7, calculated with a 2D ¢nite element model. The
extracellular voltage along the neural pathway for standard conduc-
tances (Table 1) marked by squares are comparable with the neuron
7 values of the 3D model in Fig. 9. Note the higher voltage for the
2D solution. Doubling the conductance of the cochlear £uids and
even multiplying the conductance of the basilar membrane and or-
gan of Corti compartment (BM+OC) by 10 does not essentially
change the voltage pro¢le. The in£uence of conductances for the
bone and the nerve compartment is slightly stronger, especially in
the soma region and for the central axon. Calculations with a
scheme similar to Fig. 2, but with more key points that result in a
closer approach to the real cross section shown in Fig. 1.

5 In Rattay et al. (2001) we neglected capacitance and resistance
e¡ects at the electrode^perilymph interface and we obtained a simple
relation: for a 0.48 mm diameter ball electrode, 1 mA current £ow is
reached at 1 V electrode voltage in an in¢nite homogeneous medium
with a speci¢c resistance of 300 6 cm. Current^voltage relations de-
pend on speci¢c electrode properties and can be found by tank mea-
surements.
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summary this means: (i) changing the conductance of
any region by a factor between 0.5 and 2 will not fun-
damentally in£uence the voltage pro¢le and, as a con-
sequence, the excitation of the cochlear nerve; (ii) if we
follow Finley et al. (1990), assuming a bone conduc-
tance more close to that of nerve tissue, all results con-
cerning voltage distribution are moved towards the ho-
mogeneous ¢eld solution and we can deal with the
simple current^distance relation as used in the compan-
ion paper to obtain a ¢rst approach (see Rattay et al.,
2001).

According to our simulations, remarkable di¡erences
are expected in electrically stimulated cochlear neurons
between man and the animals used for experiments.
The reason is the long peripheral human axon. For
example, Miller et al. (1999) report single ¢ber record-
ings with monopolar monophasic stimulation in cats:
(i) the threshold stimulus level is polarity dependent,
with relatively lower cathodic thresholds, e.g. a mean
value of 1 mA for 26 Ws anodic stimuli and a 30.88 dB
lower value for cathodic pulses, in comparison our sim-
ulations demonstrate essential di¡erences when polarity
is changed, especially for neurons close to the electrode
(Table 2, columns 2 and 4). (ii) Miller et al. (1999)
assume that in the cat, with monopolar intracochlear
stimulation, most ¢bers are stimulated at axonal (mod-
iolar) sites and a minority of ¢bers nearest the electrode
are stimulable at their peripheral processes, whereas by
cathodic stimulation the `long dendrite' human cochlear
nerve is always excited in the periphery and the `short
dendrite' human neuron in 8 of 18 cases (Table 2, col-
umn 3). (iii) They observed bimodal post-stimulus-time
histograms only in a small number (2%) of ¢bers, sup-
porting the hypothesis that both the peripheral and
central processes are excitable with the same stimulus
polarity, in a limited number of cases, however, our
simulations show that in contrast to the morphometry
of cats in a great part of non-degenerated cases the
human cochlear geometry make the peripheral process
easier to excite, but application of stronger stimuli will
generate additional spikes in the central ¢bers (Rattay
et al., 2001; Table 2). Therefore, cochlear implant pa-
tients have to expect a confusing temporal ¢ne structure
of their neural code when an input signal (speech) gen-
erates spikes in some central axons whereas other pe-
ripherally evoked action potentials arrive with a longer
delay. However, this e¡ect cannot occur in a population
of degenerated ¢bers.

Comparison of a ¢ne structured rotationally symmet-
ric human cochlea model (Schmidt et al., 1998) with the
presented spiral geometry shows similar voltage pro¢les
for neural pathways in the vicinity of the stimulating
electrode. Therefore, representing the geometry by more
key points was not necessary. In our opinion, a re¢ned
model should be concentrated on two e¡ects that ad-

vance excitation: (i) the natural neural pathway is not
planar and not as smooth as in our assumptions; de-
tails about the pathway should be included because
regions with strong curvatures (e.g. Fig. 1 of Rattay
et al., 2001) are more easily excitable and (ii) focusing
electrodes should be designed and tested in a simulation
study.
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